We examine the problem of obtaining the thermal structure and bulk chemical composition of the lower mantle from its seismologically determined velocity and density profiles, and the most recent results on the elastic properties of the relevant phases (including, of particular importance, shear moduli). A novel aspect of this paper is the application of an iterative technique solving generalized non-linear inverse problem, which allows us to simultaneously consider a complex chemical system (the MgO-FeO-SiO 2 -Al 2 O 3 -CaO system, which includes all major components in the lower mantle), and to rigorously evaluate the full covariance and resolution matrices. The effects of experimental uncertainties in the shear moduli are carefully accounted for. We show that although the a posteriori uncertainties in the results for lower-mantle compositions are relatively large, the averaged lower-mantle Mg/Si ratio should be lower than 1.3 in order to satisfactorily fit the 1-D seismic profiles. Two distinct families of best-fitting models are determined. The first is based upon a value for the pressure derivative of the perovskite shear modulus that is representative of various existing experimental measurements (μ 0 = 1.8). Under this assumption, it is not possible to match the lower mantle seismic properties with an adiabatic geotherm and uniform chemical composition. Instead, this family of solutions is characterized by a geotherm with large temperature gradients (dT/dz increases from 0.5 to 0.9 K km −1 between 800 and 2700 km and the temperature reaches 3400 K at the depth of 2700 km), and a depth dependent bulk composition with an Mg/Si ratio decreasing from 1.18 ± 0.14 to 1.03 ± 0.16 between 800 and 2700 km. The second family of solutions is obtained when we attempt to fit the lower mantle with a simpler compositional and thermal structure. This can only be done when the pressure derivative of the shear modulus for perovskite is close to the most recent values obtained by Brillouin spectroscopy, that is, with a μ 0 close to 1.6 instead of 1.8. The resulting temperature gradient is 0.25 K km −1 in the upper part of the lower mantle and 0.5 K km −1 below 1700 km depth; the geotherm reaches 2800 K at a depth of 2700 km. Corresponding Mg/Si ratio remains rather constant and close to 1.16 throughout the lower mantle. We show that the temperature gradient is strongly correlated with the pressure derivative μ 0 of the shear modulus of perovskite: lower values of μ 0 imply lower thermal gradients. We also discuss the importance of the Bullen parameter as an additional constraint. In order to refine conclusions on the lower-mantle structure, additional independent observables, such as accurate observations on electrical conductivity and 1-D Q profiles, are necessary.
(e.g. Hart & Zindler 1986; McDonough & Sun 1995; Lyubetskaya & Korenaga 2007) . However, there is no clear consensus on which class of chondrites (if any of those known) represents the dominant primordial material involved in the Earth's accretionary processes (see e.g. Javoy 1995; Williams & Knittle 2005) . Additional difficulties arise from assumptions on the refractory nature of different elements. For instance, Hart & Zindler (1986) developed two distinct compositional models of the primitive mantle, both based on C1 chondrites and available upper-mantle petrological constraints but adopting different refractory behaviour of Mg and Si. First, assuming Si and Mg as purely refractory elements, they obtained the 'C1 model' with an Mg/Si ratio of 1.074 which, therefore, required different upper-and lower-mantle compositions. Second, allowing a slight deficiency of Mg and Si in the Earth with respect to Ca and Al in chondrites, they derived the 'LOSIMAG C1 model' with an Mg/Si ratio of 1.225. Consequently, there was no need for compositionally distinct upper and lower mantles. Other models based on chemical analyses of carbonaceous chondrites and uppermantle samples give rather similar values of Mg/Si ratio for the primitive mantle, for example, 1.265 by Morgan & Anders (1980) 1.221 by Allègre et al. (1995) , 1.252 by McDonough & Sun (1995) . Lyubetskaya & Korenaga (2007) performed a detailed statistical analysis of the available geochemical constraints and obtained an Mg/Si ratio of 1.282 ± 0.086.
In order to reconcile the observed composition of mid-oceanic basaltic magmas and residual lithosphere formed upon partial melting, so-called pyrolitic models (mixtures of olivine and pyroxene) were introduced (e.g. Green & Ringwood 1963; Ringwood & Kesson 1977; Jackson & Ridgen 1998) . The resulting Mg/Si ratio in these models is always close to 1.27. Several alternatives to the pyrolitic models have also been proposed. Anderson (1983) constructed a compositional model based on mass balance of various mantle components. He deduced a lower-mantle Mg/Si ratio of 1.095. Anderson & Bass (1986) introduced a piclogitic (instead of pyrolitic) model for the transition zone together with a silica rich lower mantle where Mg/Si = 1.031. Detailed discussion of other compositional models can be found in the literature (e.g. Anderson 1989 ) and are recently reviewed by Lyubetskaya & Korenaga (2007) . Since the style of mantle convection and mixing efficiency is not precisely known, one can argue that available sublithospheric peridotitic samples might not represent the chemical composition of the whole mantle. Therefore, the question of the lower-mantle composition remains open. Aside from the uncertain radial structure, recent seismological observations (see e.g. Robertson & Woodhouse 1996; Su & Dziewonski 1997; van der Hilst & Karason 1999; Masters et al. 2000; Kennett et al. 2001; Saltzer et al. 2001; Garnero 2004; Kennett & Gorbatov 2004) suggest the existence of significant lateral chemical heterogeneities in the lower mantle, and especially in its lower-most part.
A large number of studies have examined the mineralogical interpretation of seismological profiles of density, bulk modulus, and, less frequently, shear wave velocities and shear moduli. In principle, there are two distinct classes of observables-radial averages or fully 3-D models-and, consequently, two different types of interpretations. First, 1-D radial profiles that can be modelled using different geotherms and various depth-dependent models of bulk mantle chemistry provide information on laterally averaged mantle properties. Second, lateral variations in temperature and chemistry can be constrained by fitting the lateral anomalies of density and elastic properties determined by seismic tomography, that is, by 3-D seismic models. The second type of inversion has been reviewed by Trampert & van der Hilst (2005) and will not be discussed here.
Studies of 1-D profiles differ among themselves due to the use of: (1) different observables, most often either the seismic velocities V p and V s (e.g. Deschamps & Trampert 2004; Cammarano et al. 2005) , or density ρ and bulk sound velocity V φ (e.g. Jackson 1998; Mattern et al. 2005) ; (2) different data sets of compressional and shear properties for candidate lower-mantle phases and (3) different equations of state (EoS) for extrapolating the elastic properties under lower-mantle P-T conditions. They also may assume different a priori mantle chemistries (a simplified three component MgOFeO-SiO 2 system versus a more realistic compositions containing additional major elements, such as aluminum or calcium), and different geotherms (adjustable or fixed adiabatic temperature profiles). Up to this point, there has been no study of mantle temperature and composition considering the MgO-FeO-CaO-Al 2 O 3 -SiO 2 system using rigorous inversion techniques. The effect of simultaneously including the important major components, such as Al 2 O 3 and CaO, on inferred mantle compositions and temperature has not been sufficiently discussed.
Lower-mantle temperature and composition have most often been studied using density and the seismic parameter (or bulk sound velocity) as observables (see e.g. Jackson 1998; Mattern et al. 2005 , and the references therein). Using a Bayesian approach to solve the inverse problem, Mattern et al. (2005) emphasized the existence of significant trade-offs between thermal structure and bulk composition. These trade-offs prevent a clear distinction between different competing models: both pyrolitic and chondritic (i.e. silica-rich) compositional models have been found to be in agreement with seismological observations. In other words, using only the bulk sound velocity and density as constraints does not yield a unique solution for mantle composition and temperature.
In an attempt to resolve these ambiguities, Deschamps & Trampert (2004) made use of the experimental and theoretical determinations of the shear properties of lower-mantle phases in the MgO-FeO-SiO 2 system. Their study emphasized the fact that using measurements of shear properties significantly decreases the resulting uncertainties. They concluded that the mantle geotherm is not adiabatic and showed that the proportion of perovskite may change with depth. Two distinct solutions were suggested, depending on the elastic properties used in the inversion: the first with a nearly adiabatic gradient and a decreasing proportion of perovskite with depth, and a second solution with a superadiabatic gradient and a nearly constant composition. They also pointed out that using the values of elastic moduli from laboratory measurements yields different conclusions than those obtained by using elastic moduli from theoretical computations. Deschamps & Trampert (2004) also discussed the importance and implications of different values for shear modulus μ 0 (and its pressure derivative, μ 0 ), subject to their assumptions about mantle composition. They argued that a better fit to the seismic data is obtained with a lower value of μ 0 for perovskite (μ 0 = 1.5) obtained by first principle calculations (Kiefer et al. 2002) than the observed value of 1.8 by Sinelnikov et al. (1998) . Jackson (1998) also pointed out a possible discrepancy between the pressure derivative of shear modulus obtained from experiments and a value of μ 0 inferred from fitting radial seismological profiles. He inferred a value of μ 0 = 1.55 using Stacey's empirical law (μ = A P + B K S ), and assuming a mantle adiabat. In contrast to the results of Jackson (1998) and Deschamps & Trampert (2004) , Li & Zhang (2005) concluded that lower-mantle velocities could be matched by a pyrolite mineralogy along an adiabatic gradient with a relatively large value of μ 0 = 2.0 for magnesium silicate perovskite. The stark differences in conclusions among these authors warrants a re-examination of lower-mantle mineralogy and thermal structure, and its sensitivity to the thermoelastic input properties.
New information on the shear moduli of silicate perovskite have recently emerged from laboratory experiments. However, significant differences remain in the measured values of the pressure derivative of the shear modulus, μ 0 . Using ultrasonic measurements Li & Zhang (2005) reported a value of 2.0(1) whereas Murakami et al. (2007) found a μ 0 of 1.56(4) by using Brillouin spectroscopy. Murakami et al. (2007) concluded that when the low value of μ 0 is adopted, the averaged radial profile of seismic velocities in the lower mantle is best fitted with a nearly adiabatic geotherm and a composition containing 85-90 per cent of perovskite, that is, they deduced a lower-mantle Mg/Si ratio of 1.1. However, since they did not perform a formal inversion, they did not evaluate the uncertainties associated with their best-fitting model and did not explore possible correlations between composition and temperature. Similarly to previous studies, the effects of seismic attenuation have not been taken into account. Cammarano et al. (2005) , used seismic traveltimes (instead of velocities) as observables, and studied their compatibility with pyrolite bulk chemistry and different geotherms. They allowed the mineral properties to change in order to identify possible sets of elastic parameters that would be compatible with an adiabat and the observed traveltimes. They concluded that a pyrolitic mantle having an adiabatic geotherm is consistent with the seismic observation only for a very restricted set of elastic properties.
No clear consensus on the actual geotherm and composition of the lower mantle has emerged from the previous studies. The presence of a discontinuity in chemical composition across the 660-km interface (in addition to phase changes), or deeper in the lower mantle is still under debate. A large number of geodynamic studies favour only a phase transition at 660 km in a homogeneous mantle (e.g. Richards & Hager 1984; Ricard et al. 1984; see Ricard & Coltice 2004 for a review), whereas some geochemical studies tend to support a chemical discontinuity at 660-km depth (see e.g. Hofmann 1997) . Regardless of the nature of the 660-km interface, other chemical discontinuities may exist in the lower mantle (e.g. Anderson 2005) . A large number of recent interpretations of deep mantle lateral heterogeneities suggest an increase of iron and silicon content in the deep mantle (see e.g. Trampert & van der Hilst 2005) . Some studies based on geochemical analyses of mid-oceanic ridge basalts and ocean islands basalts, combined with geodynamic considerations, suggest a lower mantle with deep long-lived chemically heterogeneous domains that would correspond to either hypothetical primordial material having a chondrite-like composition, or the presence of ancient segregated oceanic crust (see e.g. Christensen & Hofmann 1994; Coltice & Ricard 1999; Davaille 1999; Kellogg et al. 1999; Albarède & van der Hilst 2002; Samuel et al. 2005; Tackley et al. 2005; Williams & Knittle 2005) . The spatial distribution and shape of possible chemical heterogeneities are however not well resolved (e.g. Albarède 2005) . A weakness in virtually all previous studies is that the role of minor elements (such as aluminum, calcium and water) remains unknown. This is primarily due to the difficulty of performing the laboratory measurements needed to identify the effect of chemical variations on the elastic properties of the major lower mantle phases. Recent laboratory experiments by Murakami et al. (2004) , Badro et al. (2003) and Badro et al. (2004) indicate that other phase transitions may occur in the lower mantle. However, the characteristics of these transitions (Clapeyron slope, change in density and elastic properties), as well as their exact location in the real mantle are still under debate (e.g. Li et al. 2004; Speziale et al. 2005; Hofmeister 2006 ).
In this paper, we examine lower-mantle temperature and composition profiles considering all the likely major elements, that is, the MgO-FeO-CaO-Al 2 O 3 -SiO 2 compositional space, and the radial profiles of density and seismic velocities given by ak135 model (Kennett et al. 1995) . The problem of determining composition and temperature is an intrinsically underdetermined problem. In order to perform a more objective inversion, we apply a least-square criterion for solving the generalized non-linear inversion problem. We also aim to precisely evaluate uncertainties related to the best-fitting models and correlations between model parameters (temperature, composition and elastic properties of lower-mantle minerals). The approach has been discussed by Tarantola & Valette (1982) and its details are described in Tarantola (1987) . The rigorous mathematical treatment developed in the Bayesian approach attributes a statistical significance to the solution of the underdetermined problem by comparing a priori uncertainties to the obtained a posteriori uncertainties. The specification of an a priori covariance (variance and trade-offs) is, however, neither easy for the observations nor for the model parameters. The averaged radial density and seismic velocity profiles of the Earth is the result of a complex inversion for which the resulting covariance matrix is not known. The situation is even less clear for the thermoelastic parameters that we compiled from a large number of publications where the experimental data had already gone through often poorly documented fitting procedures. Similarly, most of the geochemical studies do not provide complete information on the covariance of their compositional parameters. In spite of these difficulties, our approach allows us to make fewer a priori assumptions in assessing the lower-mantle structure in a more comprehensive way than previous studies.
E L A S T I C I T Y D ATA S E T
We describe the bulk chemistry of the lower mantle in terms of five oxide components (MgO, FeO, CaO 
Equation of state and thermal corrections of elastic properties
In order to compute the effect of pressure on density and the bulk modulus, we use the third order Birch-Murnaghan equation of state (see Appendix A) and the elastic properties from Table 1 . These values are taken from the recent review by Mattern et al. (2005) . The effect of temperature on density and bulk modulus can be evaluated using several different methods. Two of them are described in Appendix B. Many experimental studies provide temperature derivatives of both volume and the bulk modulus (i.e. the coefficient of thermal expansion α and temperature derivative of bulk modulus (∂ K T /∂ T ) P ). They are obtained from a fit of high-pressure and high-temperature P−V −T measurements. As pointed out by Jackson (1998) and Deschamps & Trampert (2004) , accurate values of the cross-derivatives of the bulk modulus, ∂ 2 K T /∂ P∂ T , should be used when extrapolating the elastic moduli to lowermantle P-T conditions. However, the uncertainties for the few existing experimental observations of these cross-derivatives are large. In Table 1 . Room-pressure and room-temperature elastic properties of the six lower mantle end-membres used in this study. Jackson et al. (1990) ; 13 Shim et al. (2000) and 14 Karki & Crain (1998) .
Appendix C, we evaluate the effect of neglecting cross-derivatives and illustrate the possible bias to the predicted values of compressibility under lower mantle P-T conditions. We therefore, favour the Mie-Grünesien EoS based on a Debye model of solids in order to keep our approach as thermodynamically consistent as possible (Stixrude & Bukowinski 1990 ) and do not use the experimental finite-strain EoS in this study. The parameters required by the MieGrünesien EoS, the Debye temperature D 0 , Grüneisen parameter γ 0 , and its volume derivative q 0 (see Appendix B), can be obtained from experiments (see e.g. Stixrude & Lithgow-Bertelloni 2005) or from theoretical models (see e.g. Hama & Suito 2001) . The thermal properties predicted by this EoS are in agreement with the experimental values and the cross-derivatives that are not yet satisfactorily experimentally determined, are self-consistently accounted for. In order to compute the shear properties as function of pressure at constant temperature we use the method of Davies (1974) (see Appendix A). It is analogous to the Birch-Murnaghan equation of state, requiring knowledge of a reference shear modulus μ 0 and its pressure derivative, μ 0 , for each compound. The thermal corrections to the shear properties are more difficult to assess than those for the bulk modulus. Unless experimental and/or theoretical techniques provide the full elastic tensor as a function of temperature, existing estimates of thermal properties remain based on various approximations and systematics. In this study, we use the method developed by Hama & Suito (1998) , based on the Debye model that yields the shear modulus of an isotropic aggregate (see Appendix B).
Shear moduli
Due to experimental difficulties, there are relatively few measurements of shear moduli of mantle minerals. Three of the main measurement techniques: (1) Brillouin spectroscopy in diamond anvil cell (e.g. Sinogeikin & Bass 2000; Sinogeikin et al. 2004) , (2) ultrasonic measurements in a multi-anvil apparatus (e.g. Jackson & Niesler 1982; Sinelnikov et al. 1998) and (3) Ghz ultrasonics experiments (Jacobsen et al. 2002) . The three methods provide measurements of both V p and V s . The first method can be performed at lower-mantle pressures, while the latter two, although capable of high precision, are thus far limited to pressures below 20 GPa (e.g. . Unfortunately, there are no measurements of shear properties at the simultaneous high-pressure and high-temperature conditions appropriate for the lower mantle.
An additional difficulty with shear measurements is associated with the fact that Brillouin spectroscopy is performed at frequencies of >10 GHz, Ghz ultrasonics at a few GHz, and the ultrasonic measurements at frequencies of the order of MHz. An accurate extrapolation of laboratory measurements to seismically relevant frequencies of the order of mHz-Hz may be problematic as it requires knowledge of the attenuation over broad frequency band (or equivalently the quality factor Q μ ). There is no unique model of the attenuation for the lower mantle. For instance, a constant value of Q s (=Q μ ) of 312 is associated with the PREM model (Dziewonski & Anderson 1981) , while model SL8 by Anderson & Hart (1978) suggests a radial profile with values of Q s increasing from 250 at the top of the lower mantle to 520 above the D . Various seismically obtained radial profiles of Q s have been reviewed by Romanowicz & Durek (2000) . In this paper, we use an average value of 350 to account for the attenuation of body waves in the mantle. Assuming that the lower-mantle material is a Poisson-like solid, that is, that the compressional quality factor Q κ is very large, then Q p is directly obtained from Q s as follows: Anderson & Hart 1978) . In order to correct the seismic wave velocities for attenuation at a given frequency ω we use the formula proposed by Minster & Anderson (1981) :
where V u s, p are the unrelaxed (elastic) seismic velocities, and β is a numerical factor related to the material properties. The value of β in the lower mantle is not precisely determined and experimental studies indicate that its value is between 0.2 and 0.4 (e.g. Karato & Spetzler 1990) . In this study, we assume an average value of 0.3.
Perovskite
The shear modulus μ 0 of MgPv has been measured by several authors, using Brillouin spectroscopy (Yeganeh-Haeri et al. 1989; Murakami et al. 2007; Sinogeikin et al. 2004) or ultrasonic measurements (Sinelnikov et al. 1998; Aizawa et al. 2004) . Li & Zhang (2005) performed measurements by ultrasonic interferometry in conjunction with X-ray diffraction. Values of μ 0 obtained in the these studies is consistently close to 175 GPa. The deviations from this value do not exceed 4 GPa. Compatible values of μ 0 have been observed both on a single crystal and on a powder sample. The theoretical studies by Kiefer et al. (2002) and Oganov et al. (2001) give similar results. The temperature and pressure dependence of μ 0 were studied by Sinelnikov et al. (1998) and by Li & Zhang (2005) up to 900 K and 9 GPa. These studies provided values of μ 0 of 1.8 ± 0.4 and 2.0 ± 0.1. In the most recent study, Murakami et al. (2007) conducted measurements to very high pressures (close to 100 GPa) and obtained a significantly lower value of the pressure derivative, μ 0 = 1.56 ± 0.04, than the previous studies. Several theoretical studies, for example, Wentzcovitch et al. (2004) , Kiefer et al. (2002) , Matsui (2000) and Cohen (1987) , have discussed the pressure and temperature derivatives of Mg-perovskite. The values reported in these papers are within the uncertainties reported in by the experimental studies. The effect of iron and aluminum on the shear properties of perovskite have been studied by Kiefer et al. (2002) from ab initio simulations. They concluded that adding 25 mol per cent of Fe into MgPv decreases μ 0 by 6 per cent and μ 0 (i.e. the pressure derivative of μ 0 ) by 8 per cent. The fact that substitution of ferrous-iron into a magnesium-rich mineral decreases its shear modulus is broadly consistent with elasticity-composition trends (Duffy & Anderson 1989) . Recently, Jackson et al. (2004) measured the shear modulus of perovskite with 5 mol per cent of Al 2 O 3 . They observed a decrease of 6 per cent in μ 0 suggesting that the substitution of magnesium by aluminum has a stronger effect than substitution for iron. Jackson et al. (2005) have also studied the pressure derivative of the shear modulus in a MgSiO 3 -perovskite containing 5.5 wt per cent of Al 2 O 3 ; they obtained a value of 1.7 ± 0.2 which is within the experimental uncertainties of values measured by Sinelnikov et al. (1998) and by Murakami et al. (2007) for a pure magnesium perovskite. This suggests that the substitution for aluminum does not significantly affect the pressure derivative of silicate perovskite.
Magnesiowüstite
As with the EoS parameters, the shear modulus of magnesiowüstite is better constrained than that of perovskite through multiple measurements using several methods. The value of μ 0 has been measured by Jacobsen et al. (2002) , Sinogeikin & Bass (2000) , Bonczar & Graham (1982) and Jackson & Niesler (1982) , its pressure and temperature derivatives were measured by Sinogeikin & Bass (2000) and Jackson & Niesler (1982) . The results from theoretical calculations (Karki et al. 1999) and from computations using parametrized pair-potentials (Matsui 2000) agree with experimental observations, and the associated uncertainties are smaller by a factor of 2 compared with perovskite (see Table 1 ). The shear modulus of a non-stoichiometric wüstite has been measured by Jackson et al. (1990) and by Sumino et al. (1980) . Recently Kantor et al. (2005) showed that the shear properties of FeO are likely influenced by pressure induced magnetization. Since we only consider magnesium-rich compositions relevant to the lower mantle (presumably not more than 30 mol per cent of FeO), we are not concerned with details of the complex behaviour of non-stoichiometric wüstite. We adopt the value of 46 GPa for μ 0 obtained by Jackson et al. (1990) . This value is consistent with observations of μ 0 for magnesiowüstite samples with various concentration of iron, performed by Jackson et al. (2005) , Jacobsen et al. (2002) , Kung et al. (2002) , Bonczar & Graham (1982) and Jackson et al. (1978) . Jackson et al. (2005) studied the effect of iron and determined a μ of 2.1 ± 0.1 for 6 mol per cent of FeO. Kung et al. (2002) measured a μ 0 of 1.9 ± 0.1 for 17 mol per cent of FeO in Mw. These results, compared to μ = 2.2 ± 0.1 obtained by Sinogeikin & Bass (2000) for pure MgO, indicate that the substitution of magnesium by iron likely decreases the pressure derivative of the shear modulus for magnesiowustite. This is in agreement with observations of FeO by Jackson et al. (1990) and Kantor et al. (2005) who obtained μ 0 values of 0.7 and 0.6, respectively. Concerning the influence of iron on the temperature derivative of shear modulus, Bonczar & Graham (1982) have suggested that (∂μ 0 /∂ T ) P would increase with the iron concentration, giving a positive value for the wüstite end-member. Due to the scarcity of data and significant experimental uncertainties, we assume that iron has no effect on temperature derivatives of shear modulus within the relevant lower-mantle compositions.
Calcium perovskite
There are no experimental data on the shear modulus for CaPv. Since it is a non-quenchable phase, its properties can only be measured within its P-T stability field. As discussed above, this is difficult from a technical point of view. Duffy & Anderson (1989) have determined shear properties based on systematics and Karki & Crain (1998) have performed ab initio calculations. We adopt the latter values as a preferred set.
M O D E L PA R A M E T E R S , O B S E RVAT I O N S A N D I N V E R S I O N T E C H N I Q U E
Radial profiles of bulk properties, such as density and seismic velocities, reflect both the composition and the thermal structure of the lower mantle. The observed values of these properties can, therefore, be used in order to extract information on average lower-mantle composition and temperature.
We first define the forward problem that relates any set of model parameters (a vector p) to a set of predictions (a calculated synthetic data vector d), that is generally different from the observed data, d 0 ; it can be mathematically expressed as d = g(p). The operator g represents the physical theory that allows us to compute the density ρ and seismic velocities V p and V s (i.e. vector d) from a given model of mantle mineralogy, temperature and an elasticity data set (i.e. vector p). It corresponds to a sequence of thermodynamic operations: (1) A model of bulk chemical composition, expressed in proportions of oxide components, is transformed into the molar proportions of the six mineralogical end-members using mass balance constraint and the iron partition coefficient K D between perovskite and magnesiowüstite phases. The exact value of K D in presence of all major elements is not precisely determined (e.g. Wood & Rubie 1996) . Mattern et al. (2005) pointed out that the value of K D at thermodynamic equilibrium is almost constant (varying between 0.8 and 1.2) throughout the portion of the lower mantle considered here. In this study, we use a fixed average value of K D = 1 but the effect of varying K D between 0.5 and 2 is also discussed. (2) Elastic properties of each mineralogical end-member (Tables 1 and 2 ) are extrapolated to lower-mantle conditions using relevant equation of state and (3) The Reuss-Voigt-Hill averaging scheme is used to obtain the density and the seismic velocities of the assemblage. The analytical form of g is described in Appendices A, B and D.
In the simplest cases, the model parameters p are five molar proportions of the simple oxides MgO, FeO, Al 2 O 3 , CaO and SiO 2 , Ringwood (1991) .
with the constraint that the sum of molar proportions is equal to 1 implicitly built into the inversion procedure. In the following computations, we consider three bulk compositions: pyrolite (e.g. Jackson & Ridgen 1998) , chondritic (C1 model of Hart & Zindler 1986) and cosmic (Anderson & Bass 1986 ). These three compositional models are the results of different approaches used to construct a model for the bulk Earth composition. The pyrolite model is a silica-depleted model, consistent with the sampled values of sublithospheric Mg/Si ratio whereas the chondritic and cosmic models are silica-rich compositions with Mg/Si ratio close to 1. In terms of major elements the latter two models differ in their iron content: the Fe/Si ratio of the cosmic model is significantly lower than that of the pyrolite and chondritic models. The chemical composition (in mole fractions of five major simple oxides) of the three compositional models are listed in Table 3 . When these compositions are used as initial guesses, the a priori confidence is expressed by assuming Gaussian bounds for each component. Since there is no straightforward way to estimate these bounds, we choose the 1σ Gaussian bounds to be twice the largest difference among the three compositional models. These a priori uncertainties are chosen to ensure that a broad range of compositional space is considered in the inversion, while allowing us to discard unrealistic compositions such as very low MgO or very high CaO models. Since the a priori uncertainties for the three models overlap, we do not build in a strong bias for any of the three a priori models. The temperature is an additional model parameter. In all computations presented in this study the a priori thermal profile is the geotherm given by Brown & Shankland (1981) . Our confidence in the initial temperature profile is modelled by a priori Gaussian standard deviations that increase linearly from ±200 K at 800 km to ±1000 K at 2700 K. The smaller uncertainty on the temperature at the top of the lower mantle is necessary to have the ringwoodite to perovskite plus magnesiowüstite phase change occur at 660-km depth. Of course, if the Clapeyron slope of this phase transition is close to zero at high-temperature, as suggested by Katsura et al. (2003) , such a constraint may be too strong. We note however that the 660-km discontinuity is complex region associated with multiple phase changes with different Clapeyron slopes (e.g. Hirose 2002) . In this study, we only consider the lower mantle depth range between 800 and 2700 km. In doing so, we avoid including mineralogically complex zones associated with a broad garnet-to-perovskite phase change that may extend down to 750 km (e.g. Hirose 2002) , and with the perovskite-to-post-perovskite phase change in the lowermost mantle (Murakami et al. 2004) .
A so-called adiabatic geotherm, often used as a reference mantle temperature profile, assumes that the convective mantle is homogeneous and adiabatic. This first assumption is violated when the chemical composition is variable and the second assumption is violated in a non-Boussinesq internally heated fluid (e.g. Bunge et al. 2001) . A constraint of the Earth density profile is given by the observation of the Bullen parameter η (Bullen 1963) ,
where the bulk sound velocity
is deduced from a radial body-wave model, and (dρ/dr)/(d P/dr) reflects the actual density-pressure relationship along a radial profile of the Earth. This relationship, given by models like PREM and ak135, is constrained by normal modes measurements, and by the astronomical knowledge of the mass and inertia of the Earth in addition to body-wave traveltimes. The Bullen parameter is observed to be 1 ± 0.02.
In a homogeneous mantle, the departure of (dρ/dr)/(d P/dr) from the adiabatic value (∂ρ/∂ P) S = V −2 φ can only be due to the fact that the mantle geotherm (dT/dr) E is not adiabatic and one has dρ dr d P dr
where α, C p and g are the thermal expansion, the specific heat, and the gravitational acceleration, respectively. The Bullen parameter would, therefore, be η H where
and η H = 1 in a homogeneous mantle implies a so-called adiabatic geotherm defined by
In an inhomogeneous Earth, however, (dρ/dr)/(d P/dr) differs from V −2 φ not only because of thermal effect but also because of the compositional gradient. In presence of a compositional gradient, the Bullen parameter η = 1 does not imply a geotherm that obeys eq. (5). Reciprocally, if the geotherm follows eq. (5), then η H equals 1 but η is not necessarily 1. In our inversions we will check that the inverted temperature and compositional profiles yield a Bullen parameter η close to 1 (as observed) and η H is used as a measure of the departure of the inverted geotherm from a geotherm obeying eq. (5).
The data, d 0 , are the density ρ and seismic velocities V p and V s . We use the values reported in the seismic model ak135 (Kennett et al. 1995) . In some numerical experiments (see Appendix C), we use the bulk sound velocity V φ instead of seismic velocities. The following amplitudes of the a priori uncertainties on the observations are adopted: δρ/ρ = 0.5 per cent (Masters & Gubbins 2003) , δV p /V p = δV s /V s = 0.2 per cent. These amplitudes correspond to the maximum uncertainties on seismic velocities estimated by Kennett et al. (1995) . We note that the differences between ak135 and other radial seismic models-PREM (Dziewonski & Anderson 1981) , IASP91 (Kennett & Engdahl 1991) and sp6 (Morelli & Dziewonski 1993 )-are smaller than these uncertainties. In the case of the bulk sound velocity V φ which is derived from V p and V s (both subject to an uncertainty of 0.2 per cent), we adopt an uncertainty of 0.4 per cent for V φ .
We then formulate an inverse problem to find a set of model parameters,p, that explains the selected observations, d 0 , within their uncertainties and that remains reasonably close to an a priori guess of model parameters (a vector p 0 ). The result of the inverse problem,p, corresponds to the minimum of the following misfit function:
where C d 0 d 0 and C p 0 p 0 are covariance matrices corresponding to our a priori confidence in the data and a priori knowledge of model parameters. We assume that data and parameters are uncorrelated. Therefore, the covariance matrices are diagonal and contain the squares of uncertainties on observations, C d 0 d 0 , and on parameters, C p 0 p 0 . The minimization is performed iteratively using standard numerical procedures (for details see Tarantola & Valette 1982) . Besides yielding the best-fitting modelp, the use of generalized inverse theory provide a tool to evaluate the associated a posteriori uncertainties of best-fitting model parameters. It also gives the a posteriori covariance matrix that indicates how strongly the resulting parameter are correlated, and the resolution matrix that determines individually for each parameter whether or not the inversion was successful in matching the observation within their uncertainties. In order to evaluate how successful an inversion is, one can compute the associated χ-factor defined as follows:
where N D is number of predicted observables; If the χ -factor is larger than one, the inversion is not successful, the resulting deviations are on average larger than the a priori uncertainties. Fig. 1 shows the differences between predicted and observed V p and V s for the three a priori compositional models before performing the inversion. Assuming Brown and Shankland's geotherm and pyrolite model, the predicted seismic velocities are lower then those from ak135 in the top 700 km of the lower mantle by at most 1 per cent. They become larger below depth of 1500 km and the differences reach 1 and 3 per cent for V p and V s , respectively, at the depth of 2700 km. For comparison we also plot the results for a modified pyrolite model (M-pyrolite) that does not contain any Al 2 O 3 and CaO but has identical Mg/Si and Fe/(Mg+Fe) ratios as the pyrolite (see Table 3 ). A comparison of these two pyrolite models shows that with Ca and Al not included, the predicted velocities of the model assemblage (in this case, pyrolite) are significantly higher, especially in the upper half of the lower mantle. When the chondritic or cosmic models are adopted, the computed discrepancies are always higher and they increase with depth. In the case of V p , they reach 2 and 3 per cent, respectively, at the depth of 2700 km. The predicted deviations for V s are larger by 1.5 per cent compared to those for V p . The mismatch between the predicted and observed profiles can be quantified by using the χ -factor. For all the compositional models we consider, its values are always significantly larger than one: χ = 5.34, 7.31, 10.92 and 6.42, for pyrolitic, chondritic, cosmic and modified pyrolite compositional models, respectively. The discrepancies between the predicted and observed velocities can be reduced in several ways. From Fig. 1 we can see that a better agreement should be obtained (1) if the optimized geotherm has a larger gradient than that of Brown and Shankland, (2) if the composition is allowed to vary with depth and (3) if the pressure derivative of shear modulus for the mineral assemblage is lower than . The predicted velocities are always higher than those given by ak135, except for the top 400 km when the pyrolitic model is used. The discrepancy increases with depth and reaches 3 and 4 per cent for V p and V s , respectively, in the bottom of the lower mantle. The predicted discrepancies are significantly larger than the uncertainties on the radial seismic profiles (denoted by the shaded areas). that used in the initial model. The shear moduli appear to be more important than the bulk moduli because the discrepancies for V s are larger than those for V p . We note that the partition coefficient of iron, K D , has only a minor effect on these results: for instance in the case of V s , varying its values between 0.5 and 2 yields modifications of about ±0.05 per cent compared to a value obtained with K D equal 1. This indicates that the partition coefficient is not a dominant parameter in modelling the velocity structure of the lower mantle.
R E S U LT S

Inversions for geotherm assuming uniform bulk composition, with fixed elastic parameters
In order to compare our inversion with previous studies with fixed compositions, we first impose four different compositional models -pyrolite, chondritic cosmic and modified pyrolite (see Table 3 ). Three independent observations (ρ, V p and V s ) are considered and we only solve for the geotherm. The resulting geotherms are shown in Fig. 2 ; the initial Brown and Shankland's geotherm and its uncertainties are depicted by a light shading. The inverted geotherms are superadiabatic and different for each bulk composition, that is, the choice of a priori model affects the resulting model. The optimized geotherms exceed 3400 K at the depth of 2700 km. This temperature does not take into account the thermal boundary layer across which a further ∼1000 K increase is expected (e.g. Anderson 1989 ). We note that a similar result was also obtained by da Silva et al. (2000) . The a posteriori uncertainties (depicted by the dark shading in the case of pyrolitic composition) are significantly smaller than the a priori ones and the resulting geotherms do not overlap within the a posteriori bounds. In the case of pyrolite, the upper part of the lower mantle is cold and the geotherm obtained for the cosmic compositional model is significantly hotter than any other solution. However, only for the chondritic model are the density and seismic velocities of ak135 matched with a χ-factor lower than one (χ -factor = 1.27, 0.76, 2.04, 1.44, for pyrolitic, chondritic, cosmic and modified pyrolite models, respectively).
In Fig. 3 (a) (dashed line) we depict the Bullen parameter η (in this homogeneous case η = η H ) associated with the pyrolitic model. Computed Bullen parameter decreases from 0.98 at 800 km to 0.90 at 2700 km which is significantly different from that deduced from the ak135 model (solid line in Fig. 3a) . We obtain almost identical results for the chondritic composition. It indicates that the solutions found by our inversion are not fully compatible with all available seismological observations. This conclusion reinforces the results of Cammarano et al. (2005) , who showed that only very restricted set of models for the elastic properties would match a homogenous adiabatic mantle.
Inversions for geotherm and bulk composition, with fixed elastic parameters
In order to investigate possible depth dependent compositional models, we now consider six model parameters (temperature and five proportions of oxide components) at each depth. The three different compositional models-pyrolite, chondritic and cosmic (see Table 3 )-are now used as a priori guesses with their error bars. In Fig. 4 , we show the resulting temperature profiles and proportions of the oxide components. The resulting χ-factors are now smaller than in the previous case, close to 0.1 (i.e. the three best-fitting models explain the observations equally well). Although the inverse problem is underdetermined, the three inversions with different initial compositions converge to essentially the same solutions for geotherm and composition. For the visual clarity of our figures, we plot only the results obtained when the pyrolitic model is used as the initial guess, and the a posteriori uncertainties are depicted by the dark shading.
The optimized geotherms have a posteriori uncertainties larger than in the previous computation because the number of model parameters has increased from 1 to 6. The temperature gradients are significantly larger than in the starting Brown and Shankland's geotherm: dT/dz increases from 0.5 K km −1 at 800 km to 0.9 K km −1 at 2700 km, where the temperature exceeds 3300 K. Since the chemical composition is allowed to vary with depth, the resulting geotherm cannot be simply associated with a superadiabat (see the discussion of the Bullen parameter η in the previous section). The resulting values of η are close to 1 and match the values obtained for the ak135 model within ± 1 per cent (solid line in Fig. 3b ). The values of η H are, however, significantly lower than 1 and they decrease from 0.98 and 0.92 (dashed line in Fig. 3b) . This results illustrates that a geotherm with large temperature gradient (i.e. a geotherm that would be called super-adiabatic if eq. (5) were used) may yield a seismically derived values of Bullen parameter η.
When the modified pyrolite composition (with no aluminum and no calcium as often assumed in previous studies) is used, we obtain a geotherm that is hotter by about 300 K (dot-dashed line in Fig. 4a ) than in the case of pyrolite composition. These differences are significant because they exceed the a posteriori uncertainties of the best-fitting geotherm. They illustrate the non-negligible effect of correlations between composition and temperature, and possible shortcomings when simplified bulk compositional models are used. The results when the pyrolitic model is used as initial guess are denoted by solid lines. The effect of anelasticity (light-solid line) is within the a posteriori uncertainties (dark shading). The results for modified pyrolite are depicted by dot-dashed lines. The optimized composition is characterized by a decreasing Mg/Si ratio (from 1.18 to 1.03), increasing FeO content, and a geotherm having larger temperature gradient that the Brown and Shankland's geotherm. In order to improve the fit, the inversion decreases the value μ 0 of perovskite when the shear properties are allowed to be modified. The best matching value is 1.59 or 1.66 ± 0.08 (see Table 4 ). In this case, the results are denoted by the dashed lines. The resulting geotherm is closer to the Brown and Shankland's initial profile. The Mg/Si ratio is increasing with depth (from 1.18 to 1.26), FeO content is constant with depth. The light shading denotes the initial Gaussian bounds on the temperature and compositional parameters. The proportions of Al 2 O 3 and CaO are not shown because they are only poorly resolved. We have also tested the effect of anelasticity (the quality factor Q μ ) on the resulting profiles by setting Q μ to infinity. In this case, we obtain a geotherm hotter by 70 K compared to the anelastic one. Although this difference is not significant compared to the a posteriori uncertainties, it is of the same order as the difference between the best-fitting models obtained for different initial guesses for the bulk composition.
The optimized depth-dependent composition as well as the a posteriori uncertainties returned by the inversion are shown in Figs 4b-4d. At the top of the lower mantle, the proportion of MgO is lower than the pyrolitic value but remains higher than the chondritic one. Similarly, the best-fitting SiO 2 proportion is in between pyrolite and chondritic composition. The Mg/Si ratio is 1.18 ± 0.14 instead of 1.27 for pyrolite and 1.05 for chondrite (see Table 3 ). With increasing depth the lower mantle becomes more depleted in MgO and enriched in SiO 2 . At the bottom of the lower mantle the composition is close to the chondritic model: Mg/Si = 1.03 ± 0.16. In the same figures, we have also plotted the optimized composition when the modified pyrolite model is used (dot-dashed lines). One can see that the results are similar although the MgO and SiO 2 proportions seem to vary less with depth. Such a variable bulk composition could be interpreted as an indication either of the presence of depthdependent fraction of chondritic material in the lower mantle or of a heterogeneous segregation of the crustal (SiO 2 -rich) and lithospheric (SiO 2 -depleted) material brought to the lower mantle by the subducting slabs. For example an assemblage of 50 per cent pyrolite/ 50 per cent chondrite could be found down to the depth of 1300 km and a low Mg/Si ratio in the lowermost mantle could indicate Their amplitudes are depicted by the grey scaling and we also show values that are greater (or lower) then 0.1 (−0.1). It indicates that there exist a family of models that will explain equally the observables used for our inversion. R xx are the diagonal elements of the resolution matrix. When R xx is close to 1, the parameter is well resolved, on the contrary, values close to 0 indicates the impossibility to obtain robust conclusions.
the presence of significant amount of crustal or other SiO 2 -rich components in a pyrolitic mantle. Taking the composition for a present day MORB, the decrease of Mg/Si ratio from 1.18 (at the depth of 800 km) to 1.03 (at 2700 km) would correspond to an enrichment of the lower mantle by about 15 per cent of MORB material relative to the upper half of the lower mantle. We also observe a slight enrichment of FeO with depth in Fig. 4d : its proportion is 0.051 ± 0.007 in the upper part of the lower mantle and 0.069 ± 0.007 at the bottom. An enrichment in FeO in the lower mantle was also proposed by Lee et al. (2004) who performed laboratory measurements of natural peridotites at high pressures. Such iron evolution does not seem to agree with a lower-mantle model having a bulk composition evolving toward a more chondritic material: both cosmic and chondritic compositions are more depleted in FeO than a pyrolite. It is more in agreement with a model where subducted MORB stagnates in the lower-most mantle.
The inversion approach allows us to compute the resulting covariance matrix (see Fig. 5 ) and evaluate the trade-offs between model parameters as an indication of the uniqueness of our solutions. The diagonal elements equal 1 by definition. The off-diagonal elements indicate various linear combinations of the model parameters that would yield similar fit to the observations. If the matrix were perfectly diagonal, the model parameters would not be correlated (no trade-offs would exist between them) and the obtained solution would be unique. For an underdetermined problem, the trade-offs between model parameters are inevitable. An arbitrary reduction of the number of model parameters would of course eliminate or limit these trade-offs, but would introduce a strong a priori bias to the model parameters and solutions.
The covariance matrix indicates that the strongest correlations are found between temperature and iron content, silica and magnesium oxide contents and temperature and silica content. One of the possible implications of the trade-offs between compositional parameters and temperature is illustrated by comparing the pyrolite and modified pyrolite model (Fig. 4) . The differences in results are due to the strong trade-off between temperature and silica content. We also show values of diagonal elements, R xx , of the resolution matrix in Fig. 5 . These values indicate how well the different model parameters are resolved. The diagonal elements close to 1 correspond to a very good resolution, that is, significant variance reduction of the model parameter. The smaller the diagonal element, the poorer the resolution (i.e. lower variance reduction) is obtained. The best resolved compositional parameters are MgO, SiO 2 (associated R xx are close to 0.95); FeO is slightly less well resolved (R xx ∼ 0.88), while Al 2 O 3 (R xx ∼ 0.25) and CaO (R xx ∼ 0.15) are not sufficiently well resolved. The resulting proportions of the latter two components are very close to the initial values for each model. The a posteriori uncertainties are as large as the a priori uncertainties and, therefore, we do not plot them in Fig. 4 . The difficulty of accurately constraining the proportions of Al 2 O 3 and CaO was also recognized by previous authors (e.g. Deschamps & Trampert 2004; Mattern et al. 2005) .
Joint inversions of temperature, bulk composition, and shear parameters
Up to this point, we assumed that the elastic properties of lowermantle minerals were accurately known. However, as discussed above, recent experimental results on the pressure derivatives of perovskite shear modulus give significantly different results (Li & Zhang 2005 versus Murakami et al. 2007 ). In the discussion of Fig. 1 , we have seen that optimization of the shear moduli of perovskite and of magnesiowüstite (in particular, their pressure derivatives) is susceptible to improve the agreement with the observed seismic velocities. Our generalized inversion approach allows us to consider the elastic parameters of mantle phases as additional model parameters. Therefore, in order to explore the full range of models that are consistent with seismological observations, we allow the shear properties of magnesium silicate perovskite and of magnesiowüstite to vary within their uncertainties. In this case μ 0 and μ 0 become part of the vector of model parameters p and contribute to the misfit function; that is, to the second term of the right-hand side in eq. (1). In this section and in the appendix, we also discuss the effect of uncertainties on thermal EoS parameters although it is clear that the results of our inversion are mostly affected by the pressure dependence of the perovskite shear properties.
In Fig. 4 (dashed lines), we show the optimized geotherm and composition when pyrolite is used as an initial composition. The resulting geotherm have significantly smaller temperature gradients than in the case with fixed shear properties: dT/dz is 0.25 K km −1 at 800 km and 0.5 K km −1 at 2700 km. This fact is reflected by higher values of η H than in the case with fixed shear properties (dotted versus dot-dashed line in Fig. 3b ). The Bullen parameter η is identical to that obtained for ak135 model (dashed line in Fig. 3b) . The resulting composition (see dashed-lines in Figs 4b-4d) significantly differ from that obtained with fixed shear properties. The vertical chemical gradients are smaller and Mg/Si increases from 1.18 ± 0.16 at 800 km to 1.26 ± 0.19 at 2700 km. The FeO content is essentially constant with depth and its proportion is 0.058 ± 0.007. These results are in broad agreement with those obtained by Deschamps & Trampert (2004) .
Since the shear properties are now allowed to vary, the trade-offs between the model parameters are larger compared to the previous calculations. The best-fitting profiles obtained for the three different initial guesses remain, however, similar within their a posteriori uncertainties. The resulting Mg/Si ratio and temperature at 800 and 2700 km for different inversions are shown in Table 4 . When the chondritic or cosmic compositions are used as initial guess, the Table 4 . Values of Mg/Si ratio, temperature, and shear moduli of MgSiO 3 -perovskite obtained by our inversion technique in order to improve the fit to seismic velocities. The modifications of shear moduli of magnesiowüstite are negligible and are not listed here.
Pyrolitic 1.18 ± 0.14 1875 ± 160 1.26 ± 0.19 2702 ± 300 179.3 ± 2.9 1.59 ± 0.08 Chondritic 1.16 ± 0.14 1926 ± 160 1.16 ± 0.18 2942 ± 300 177.9 ± 2.9 1.64 ± 0.07 Cosmic 1.17 ± 0.14 1935 ± 160 1.16 ± 0.18 2972 ± 300 177.4 ± 2.9 1.66 ± 0.07 geotherm is hotter by about 200 K and vertical compositional gradients are small (Mg/Si ratio is almost constant throughout the lower mantle). We note that in all three cases, the averaged value of Mg/Si ratio is lower that the pyrolitic one. However, due to the trade-offs, it is now difficult to propose a unique scenario in order to interpret the resulting bulk composition.
The optimized values of μ 0 obtained for the three initial compositions are very similar; they vary from 177 ± 3 GPa to 179 ± 3 GPa (see Table 4 ). However, these values are larger than the experimental value of 173 GPa obtained both by Li & Zhang (2005) and by Murakami et al. (2007) . Far greater modifications as well as a larger reductions in variance are observed in the case of optimized μ 0 . The resulting values are consistently lower than the experimental value obtained by Sinelnikov et al. (1998) and the a posteriori uncertainty is 0.08 compared to the a priori uncertainty of 0.4. We note that when chondritic and cosmic compositions are used as initial guesses, the inversion returns slightly higher values of μ 0 : 1.66 ± 0.07 compared to 1.59 ± 0.08 obtained for pyrolite. In order to investigate the trade-offs between μ 0 and μ 0 , we perform an additional inversion using pyrolitic model and fixing the value of μ 0 of perovskite to the experimental value of 173 GPa. The optimized value of μ 0 increases from 1.59 ± 0.08 to 1.66 ± 0.07. The Mg/Si ratio decreases from 1.26 to 1.21 making the vertical chemical gradient less pronounced. The resulting geotherm is hotter by 100 K at the depth of 2600 km.
The optimized values of μ 0 are in agreement with those obtained independently by the most recent Brillouin scattering results, μ 0 = 1.7 ± 0.2 by Jackson et al. (2005) and μ 0 = 1.56 ± 0.04 by Murakami et al. (2007) , by ab initio computations, μ 0 = 1.5 in Kiefer et al. (2002) , and is qualitatively in agreement with conclusions by Jackson (1998) and Deschamps & Trampert (2004) . On the contrary, they are not compatible with those by Li & Zhang (2005) where μ 0 = 2.0 ± 0.1. The difference in conclusions between Li & Zhang (2005) and our study, as well as those of Deschamps & Trampert (2004) and Jackson (1998) , are significant also in terms of inferred geotherm and lower-mantle composition. Aside the use of a different set of elastic properties, one possible reason for these discrepancies is that Li & Zhang (2005) used an extrapolation technique based on different truncation order for different end-members. They introduced a second order pressure derivative of shear modulus μ 0 for magnesiowüstite whereas it was set to zero for perovskite phase. The second order pressure derivatives are very poorly constrained (if at all) and Li & Zhang (2005) did not, however, evaluate the corresponding uncertainties. Also they did not quantify a possible bias introduced by their extrapolation technique that includes poorly constrained parameters. As a result, they obtained seismic velocities of magnesiowüstite that flatten out at mid-lower mantle depths. The effect of such flattening that may be related to an artefact of the extrapolation technique, is to increase the proportion of magnesiowüstite, that is, to increase Mg/Si ratio, of a best-fitting compositional model. Table 2 .
± 300 1.16 ± 0.18 177.9 ± 2.9 1.64 ± 0.08
In the previous calculations the uncertainties on the thermal parameters of Mie-Grüneisen EoS have not been taken into account. As MgSiO 3 -perovskite is the most abundant phase, we evaluate the effect on our inversion of varying its Debye temperature D 0 , Grüneisen parameter γ 0 and the volume derivative q 0 . We adopt the uncertainties reported by Stixrude & Lithgow-Bertelloni (2005) . Table 5 shows the resulting variations of the temperature, composition as well as of the optimized value of the MgSiO 3 shear modulus with the chondritic composition is used as initial guess. As a result, the a posteriori uncertainties of our results are increased by at most 30 per cent. Since the lower-mantle temperatures are greater than the Debye temperature, the results are only weakly sensitive to the choice of D 0 . Variations of γ 0 and q 0 are somewhat more important. Variations of γ 0 affect mostly the shear moduli whereas the uncertainties on q 0 impact the temperature estimates. We conclude that the results presented in this work are not affected, in their essence, by the uncertainties on the thermal corrections and that a low value of μ 0 , close to 1.6, is always required in order to match the averaged seismological profiles.
C O N C L U D I N G R E M A R K S
We have re-examined the classical problem of constraining the thermal structure and bulk composition from 1-D radial profiles of density and seismic velocities. A novel aspect in this paper is the application of a least-square criterion to solve generalized non-linear inversion, considering simultaneously all major chemical components, the evaluation of the complete covariance and resolution matrices, and the quantitative discussion of the uncertainties on the shear moduli. This approach allowed us to avoid built-in assumptions or biases associated with an arbitrary reduction of model parameters used in previous studies, and to identify the range of solutions that are consistent with seismic observables and the laboratory data base. We have showed that Bullen parameter allows us to discriminate between plausible thermal and compositional models of the lower mantle.
We have identified two significantly distinct families of bestfitting models and showed that the results are only marginally affected by the choice of the initial model. The first family is characterized by a geotherm with large temperature gradients (dT/dz varies between 0.5 and 0.9 K km −1 ). This solution is obtained in the case where the value of the pressure derivative of the shear modulus μ 0 of MgSiO 3 -perovskite is set to 1.8 (Sinelnikov et al. 1998) . The second family is obtained when the pressure derivative has a lower value, μ 0 = 1.6, which is in an excellent agreement with the most recent experimental value obtained by Murakami et al. (2007) . The resulting geotherm has smaller temperature gradients (dT/dz increases from 0.3 K km −1 in the upper part of the lower mantle to 0.5 K km −1 in the bottom part) and the temperature reaches 2800 K at the depth of 2700 km.
Both families of best-fitting models are characterized by an average Mg/Si ratio lower than 1.3, that is, by a value that differs from the pyrolitic one and are similar in the upper part of the lower mantle (between 800 and 1700 km). They are consistent with an constant Mg/Si ratio of approximately 1.18 which corresponds to a mixture of 60 per cent of pyrolitic and 40 per cent of chondritic composition. The two families of models differ mostly in the bottom part of the lower mantle, below a depth of 1800 km. On the one hand, assuming μ 0 of 1.8, the upper and bottom parts of the lower mantle seem to have a chemically and thermally distinct regime: an Mg/Si ratio is close to 1.1 and temperature gradients are large, dT/dz is about 0.8 K km −1 , below the depth of 1800 km. On the other hand, when a low value of μ 0 ∼ 1.6, which is consistent with the most recent experimental results, is adopted, the bottom part of the lower mantle have Mg/Si ratio close to 1.18 suggesting a more homogeneous mantle composition.
Constraints on the lower-mantle composition and temperature are very dependent on the measurements of shear moduli and particularly on their pressure dependence. In comparison, using only density and compressibility has significantly lower resolution and is strongly affected by trade-offs between temperature and composition (e.g. Mattern et al. 2005) . The choice of the extrapolation technique may also a significantly affect the resulting thermal and compositional models. We show that the use of the Mie-Grüneisen EoS allows us to better control the thermal corrections.
The possibility to maintain compositional gradients without sharp interface in a convective mantle remains to be proved. However, if they exist, the seismological observations of a Bullen parameter η of 1 do not imply that the thermal gradient of the mantle corresponds to the so-called adiabatic gradient, that is, dT/dz may differ from αgT/C p and η = η H .
In order to further improve the resolution of lower-mantle composition and thermal structure additional independent observations are required. Recently, Khan et al. (2006) investigated the composition and thermal structure of the lower mantle using long-period electromagnetic sounding data. They obtained results that are in general agreement with our conclusions: the lower mantle is enriched in silica and temperature gradients are larger than those of Brown and Shankland's geotherm.
Alternatively, using 1-D Q seismic profiles may help to make a further step. From seismic observations it follows that, on average, the Q profile is rather constant in the depth range between 800 and 2700 km (see Romanowicz & Durek 2000) . Assuming that seismic attenuation is a thermally activated process, average Q profiles can be constructed subject to various hypothesis (see e.g. Weertman 1970; Karato & Karki 2001; Matas & Bukowinski 2006) . In order to keep the modelled values of quality factor Q roughly constant with depth, additional constraints on the behaviour of the mantle geotherm may arise. Although the actual experimental uncertainties on the parameters required for such modelling are still large, future studies of seismic attenuation in the lower mantle is likely to help the understanding of lower-mantle structure.
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A P P E N D I X A : I S O T H E R M A L C O M P R E S S I O N A1 Birch-Murnaghan equation of state
The third-order Birch-Murnaghan equation of state is based on finite strain theory. It is a widely used equation of state in Earth Sciences. At a given reference temperature T 0 , it relates pressure P and molar volume V (P, T 0 ) as follows: Figure A1 . The influence of the extrapolation method of bulk modulus on the best-fitting geotherms when density ρ and bulk sound velocity V φ are being matched by the inversion. The thermal corrections obtained from a Mie-Grüneisen EoS (solid line) yield geotherms with larger temperature gradient compared to high-temperature finite-strain thermal corrections when neglecting the cross-derivatives of the incompressibility (dashed line). The temperature difference exceeds the a posteriori uncertainties below the depth 1500 km and can be as large as 700 K at the depth of 2700 K in the case of the chondritic composition. The a priori geotherm by Brown & Shankland (1981) and a priori Gaussian bounds changing linearly from ±200 K at 800 km to ±1000 K at 2700 km are depicted by the grey shading.
where x = V (P 0 , T 0 )/V (P, T 0 ) and V (P 0 , T 0 ) is the molar volume at room pressure, P 0 = 10 5 Pa, and temperature T 0 = 298.15 K. K T and K 0 , are the isothermal bulk modulus and its pressure derivative at room pressure. K T (P, T 0 ) can be obtained by differentiating eq. (A1) with respect to pressure:
with the following coefficients A = −2(K 0 − 4) + 8/3, B = −4(K 0 − 4) + 8/3, and C = B − A. Details can be found in, for example, Stacey & Davis (2004) .
A2 Effect of pressure on shear properties
For the shear modulus we use an analytical form obtained by Davies (1974) in analogy with the finite-strain EoS to compute the shear modulus μ:
where μ 0 = (∂ μ 0 /∂ P) T . The numerical values for the lower-mantle minerals used in this study are reported in Table 1 .
A P P E N D I X B : T H E R M A L C O R R E C T I O N S B1 Debye model or Mie-Grüneisen thermal EoS
A detailed physical description of the Debye model can be found in most of classical thermodynamics books. Here we only briefly summarize the basic concepts and expressions. The Helmholtz free energy F(V , T ) can be written as
where x = D /T , with D being the Debye temperature, R the universal gas constant, n the number of atoms per molar formula (i.e. n = 5 and 2 for perovskite and magnesiowustite, respectively). Using various thermodynamic relations such as
and defining the Debye function as
the thermal contribution to the elastic properties can be expressed in the following way
and
Since we adopt the quasi-harmonic approximation, the Debey temperature D , and the Grüneisen parameter γ are functions of volume only:
The values of the three parameters D 0 , γ 0 , and q 0 for MgSiO 3 and MgO are adopted from the study by Stixrude & Lithgow-Bertelloni (2005) (see Table 2 ). The total pressure and bulk modulus as a function of temperature T and volume V are computed by adding both the reference isothermal properties obtained from an isothermal equation of state (see Appendix A) and the thermal corrections as follows:
The coefficient of thermal expansion is computed using the following relation
The thermal correction for the shear properties are not straight forward. We adopt an expression equivalent to the thermal corrections developed by Hama & Suito (1998) :
The total shear properties are also obtained by adding both the static shear properties and the thermal corrections as 
B2 Experimental high-temperature finite-strain
An alternative way for computing the thermal corrections is possible with using temperature derivatives of volume and of elastic parameters such as thermal expansion α(P 0 , T ) and (∂ K 0,T /∂ T ) P extracted from P−V −T measurements (see Table 2 ). Assuming the cross-derivative ∂ 2 K T /∂ P∂ T = 0, that is, that the same K 0 can be used at all T (which can introduce errors), it is possible to compute both the molar volume and the bulk modulus at arbitrary temperature T by
High-temperature molar volume V (P 0 , T ) and room pressure incompressibility K T (P 0 , T ) are then used in a isothermal finite-strain equation instead of reference temperature values in order to account for the compression from P 0 to P. In Table 2 , a linear dependence of α with temperature is adopted and, thus, α(T ) = α 0 + α 1 T . We show the comparison of the two approaches for thermal corrections in Appendix C.
A P P E N D I X C : C O M PA R I S O N B E T W E E N T W O D I F F E R E N T E X T R A P O L AT I O N T E C H N I Q U E S
The extrapolation of the elastic properties to lower mantle conditions is not straightforward and can be performed by using different methods. Above we have briefly discussed two of them: the Debye thermal corrections and the isothermal high-temperature finite-strain EoS. We note that the latter differs for the adiabatic high-temperature finite-strain EoS used for example by Jackson (1998) and Deschamps & Trampert (2004) . The isothermal hightemperature finite-strain EoS is based on experimental observations of temperature derivatives of the volume and elastic parameters (e.g. α and (∂ K T /∂ T ) P ) obtained from a fit of high pressure and high temperature P−V −T measurements. Due to experimental difficulties of simultaneous high-pressure and high-temperature observations, the temperature derivatives at high pressure are the least constrained parameters. As pointed out by Jackson (1998) and Deschamps & Trampert (2004) , accurate values of the cross-derivatives of the incompressibility, ∂ 2 K T /∂ P∂ T , should be used when extrapolating the elastic moduli to lower-mantle P-T conditions.
In Fig. A1 , we show a comparison of results obtained by these two extrapolation techniques when the density ρ and bulk sound velocity V φ are considered as observations. In this computation, we use the temperature derivatives (∂ K 0,T /∂ T ) P and coefficient of thermal expansion α(T ) as reported by Mattern et al. (2005) . Using the Mie-Grüneisen EoS that provides a self-consistent thermodynamic approach, the geotherms have a super-adiabatic gradient (the Bullen parameter η is lower than 1) while they are subadiabatic (see also Mattern et al. 2005) when the cross-derivatives are neglected in the high temperature finite strain EoS. The temperature difference exceeds the a posteriori uncertainties below the depth 1500 km and can be as large as 700 K at the depth of 2700 K. We verified that the two methods predict similar densities, but their incompressibilities differ by 3 per cent (at most) at 2700 km depth. This difference is responsible for the superadiabatic temperature gradients and hotter geotherms observed in Fig. A1 . We have also computed the evolution of the temperature derivative (∂ K S /∂ T ) P with pressure. When the Mie-Grüneisen approach is used, a physically sounded behaviour of (∂ K S /∂ T ) P is observed: it decreases with depth as the effect of temperature is lowered by the increasing pressure. On the contrary, (∂ K S /∂ T ) P increases with depth when the cross-derivatives are neglected. Such behaviour reveals possible artefacts that may be associated with this extrapolation technique. We note that the slope of (∂ K S /∂ T ) P is related to the third volume derivatives which enhances any potential inconsistency of the applied extrapolation technique. In this study, we therefore, favour the use the Mie-Grüneisen approach.
A P P E N D I X D : B U L K P RO P E RT I E S O F A N A S S E M B L A G E ( AV E R A G I N G S C H E M E S )
Within the two solid solutions considered in this study, perovskite and magnesiowüstite phase, (CaPv is considered as a single-species phase), the effect of the end-members on elastic properties of the phase is linearly proportional to the molar proportion each endmember. The corresponding coefficients for V 0 , K 0 , K 0,T , μ 0 and μ 0 are obtained directly from the Table 1 .
The bulk properties of the lower mantle can be computed from the molar abundances n i of each mineralogical phase i, that is, of Pv, Mw and CaPv, and their elastic properties. The volume of an assemblage is obtained from:
where V i is the partial molar volume of the phase i. The density ρ of the assemblage is given by:
where M i is the molar weight. The adiabatic incompressibility K S and bulk shear modulus are less straightforward to compute since there exists different averaging techniques depending on the macroscopic structure (texture) of composite material. Here we only give definitions for the two most important averages: Voigt and Reuss averages. Defining a volumetric fraction ν i as
the Voigt average of incompressibility and of bulk shear modulus is given by
and the Reuss average by
where X i stands for K S i and μ i . In both cases, Reuss and Voigt model, K S i of each phase is computed as follows Watt et al. (1976) warned that neither Voigt nor Reuss average is likely to correspond to reality. They preferred the arithmetic average of the two previous averages, so-called Reuss-Voigt-Hill average
or the more sophisticated Hashin and Shtrikman's averaging scheme.
Since the three lower-mantle mineralogical phases have elastic properties that are not too different, and the two previous schemes do not differ significantly in their results, we adopt the simpler ReussVoigt-Hill average. Finally, the different velocities V p,s,φ discussed in this study are computed as
